Coenzyme B 12 or AdoCbl. Cbl with 5Ј-deoxyadenosine (Ado) as the upper (Co␤) ligand and DMB as the lower (Co␣) ligand.
␣-5,6-Dimethylbenzimidazole-ribosyl-5-phosphate (␣-ribazole-P). The nucleotide loop consisting of the DMB attached to ribose-5Ј-P. The N-glycosidic bond in this nucleotide is in the alpha configuration.
Here I review significant differences in the strategies used by archaea and bacteria to salvage the precursor cobinamide (Cbi) from the environment. Cbi is an incomplete corrinoid lacking the structure known as the nucleotide loop and the 5Ј-deoxyadenosine (Ado) ligand (Fig. 1 ). Cbi must be found in diverse ecosystems, given the fact that bacteria and archaea have evolved different enzymes to convert Cbi to AdoCba. Cbi salvaging is important to all cells, because this capability saves them the great deal of energy they spend synthesizing the machinery to make the corrin ring. I also discuss recent discoveries that fill important gaps in the knowledge of how prokaryotes synthesize this important coenzyme.
CORRINOID TRANSPORT ACROSS MEMBRANES
The salvaging of exogenous corrinoids (e.g., Cbi) starts with their transport into the cell. The highly specific BtuBFCD system found in gram-negative bacteria (e.g., serovar Typhimurium and Escherichia coli) efficiently translocates exogenous corrinoids present in the environment in fM concentrations (1) . The BtuB protein is a Ca-dependent transporter located in the outer membrane (9, 18, 27) that delivers the corrinoid to the periplasmic corrinoid-binding BtuF protein (7, 13, 60) . BtuB function requires energy input, which is provided through interactions with TonB, a protein anchored to the inner membrane whose function is also critical to iron acquisition (22, 42) . Once bound with the corrinoid, BtuF delivers Cbi to the ABC transporter BtuCD located in the inner membrane (8, 20) , which translocates it using an ATP-dependent mechanism (Fig. 2) .
Corrinoid transport across archaeal membranes has been reported in Halobacterium sp. strain NRC-1 (65) . Because Halobacterium lacks an outer membrane, orthologs of the btuB gene are not present in the genome of this archaeon. All the other components of the Btu system, namely, BtuFCD, are functional in Halobacterium (65) .
UPPER LIGAND ATTACHMENT IS THE FIRST STEP IN Cbi SALVAGING
Upon entry into the cell, Cbi is adenosylated by an ATP: co(I)rrinoid adenosyltransferase enzyme; otherwise it cannot be converted into AdoCbl or be used to activate gene expres-sion (12, 21, 50) . In serovar Typhimurium and E. coli, the cobA and btuR genes, respectively, encode the housekeeping corrinoid adenosyltransferase. Although the gene nomenclature is different, the primary amino acid sequences of the CobA and BtuR proteins are 89% identical and the proteins have the same enzymatic activity (35, 54) . The CobA-type corrinoid adenosyltransferase of Pseudomonas denitrificans is the only other bacterial enzyme that has been studied in some detail (19) . The CobA enzyme of serovar Typhimurium is the paradigm for this type of corrinoid adenosyltransferase enzyme, and a great deal of structural, functional, and mechanistic information has been published (10, 23-25, 51, 53) .
To date, only one CobA-type archaeal enzyme has been studied in vivo and in vitro. Although there are important differences between the bacterial and archaeal enzymes in regard to ATP binding, the by-product of the reaction (triphosphate) is the same in both cases (11) .
There are Cbi-salvaging prokaryotes that lack CobA (e.g., Listeria monocytogenes, Lactobacillus reuteri, and others) (45) . Instead, these bacteria use enzymes encoded by orthologs of the pduO gene of serovar Typhimurium, where it was first discovered as part of a 21-gene operon encoding functions required for the catabolism of 1,2-propanediol (6).
PduO-type enzymes (including the human enzyme) have been characterized in vitro and in vivo, and crystal structures with and without ATP bound to them have been reported (29, 30, 33, 34, 47, 48, 52) . A striking feature of PduO-type enzymes is that, unlike CobA-type enzymes, they lack a P loop for ATP binding and use a novel motif to bind ATP (48, 52) .
BACTERIA AND ARCHAEA USE DIFFERENT PATHWAYS TO SALVAGE Cbi
There are several important differences in the pathways used by bacteria and archaea to convert Cbi to AdoCbl (Fig. 2) .
In bacteria, AdoCbi is the substrate of a bifunctional enzyme with kinase and guanylyltransferase activities. This enzyme goes by the name of CobU (in serovar Typhimurium), or CobP (in P. denitrificans) (4, 39); CobU and CobP are homologs. From structural studies of the CobU enzyme of serovar Typhimurium, we know the enzyme works as a trimer; although some aspects of the catalytic mechanism are known, our understanding of how the enzyme works is incomplete. The CobU enzyme phosphorylates the hydroxyl group of the aminopropanol (AP) moiety of AdoCbi, yielding AdoCbi-P, which is used by the enzyme to generate AdoCbi-GDP by transferring the guanylate moiety of GTP to it (39, 57) . Archaea use a different strategy to salvage Cbi from their environments, because archaea lack CobU. Instead they use CobY, a nonorthologous replacement for CobU that has GTP: AdoCbi-P guanylyltransferase activity but lacks AdoCbi kinase activity (56, 64) . Archaea solve the problem of not having an AdoCbi kinase enzyme by removing the AP moiety of AdoCbi first, to yield adenosylcobyric acid, which is condensed with 1-aminopropanol-O-2-phosphate by the AdoCbi-P synthase (CbiB) enzyme to yield AdoCbi-P (Fig. 2) (43; C. L. Zayas and J. C. Escalante-Semerena, unpublished results).
In archaea, the cbiZ gene encodes the amidohydrolase that converts AdoCbi to adenosylcobyric acid (66) . The enzymatic activity of CbiZ has been studied in vitro, and its involvement in AdoCbl synthesis has been demonstrated in vivo in Halobacterium sp. strain NRC-1 (62, 66) . Hyperthermophilic archaea (e.g., Methanopyrus kandleri AV19, Aeropyrum pernyx, and Pyrobaculum aerophilum) synthesize CbiZ fused to CobZ, the nonorthologous replacement of the AdoCbl-5Ј-P CobC phosphatase of bacteria (68) . The CbiZ-CobZ fusion is known as CbiS (63) . The reasons for fusing CbiZ to CobZ are not clear. The latter enzymes do not catalyze sequential reactions of the pathway (Fig. 1) , so traffic of intermediates between these proteins is not expected. Interestingly, the CbiZ and CobZ portions of CbiS can be separated and are functional in vivo and in vitro (63) . Whether CbiS evolved as a means to stabilize CbiZ, CobZ, or both at very high temperatures needs further investigation.
SYNTHESIS AND ACTIVATION OF THE LOWER LIGAND BASE
The lower ligand base of AdoCbl is DMB. There are two known, distinct pathways for DMB synthesis. The chief difference between the two is the involvement of oxygen (reviewed in reference 44). Very recently, results of studies of the BluB protein isolated from Rhodospirillum rubrum and Sinorhizobium meliloti showed that BluB is necessary and sufficient to convert reduced flavin mononucleotide into DMB via an O 2 -dependent mechanism (26, 55) . The studies of the S. meliloti BluB enzyme also reported the crystal structure of the protein at a resolution of 2.9 Å with substrates in the active site. These findings are a major advance in the field, because the identities of the enzymes involved in the synthesis of DMB in the presence of O 2 remained unknown for a long time. The detailed mechanistic analysis of the reaction should follow in the notso-distant future.
In some bacteria (e.g., Streptomyces, Thermobifida, and others), the BluB protein is fused to the CobT enzyme that activates DMB into its unique ␣-nucleotide, known as ␣-ribazole-P. Detailed analyses of these BluB-CobT fusion proteins would provide insights into metabolite channeling.
The pathway for DMB synthesis under anoxic conditions was delineated by tracer analyses performed in Eubacterium limosum (reviewed in reference 44), but the enzymes catalyzing these reactions have not been identified. The anaerobic pathway of DMB synthesis is not present in serovar Typhimurium, since under anoxic conditions, this bacterium does not synthesize DMB; instead it makes AdoCba's that have, as the lower ligand, either adenine (aka pseudoAdoCba or pseudoAdoB 12 ) or 2-methyladenine [aka 2-methyladenylyl-(Co␣)-AdoCba] (31, 32). To date, work on lower ligand synthesis in archaea has not been reported.
In serovar Typhimurium and E. coli, activation of the lower ligand base is performed by the nicotinate mononucleotide (NaMN) (NAD ϩ ):DMB phosphoribosyl (ADP-ribosyl) transferase (CobT) enzyme (Fig. 2) . The phosphoribosyltransferase activity of CobT has been studied in P. denitrificans (the protein is known as CobU in this bacterium) and serovar Typhimurium (14, 58, 59) . Structural analyses of the CobT protein in its apo form and bound to substrates provided insights into the mechanism of catalysis and the specificity of the enzyme for its base substrate (15) (16) (17) . The ADP-ribosyltransferase activity of CobT was recently described, uncovering the previously unknown intermediate of the pathway known as ␣-DAD (␣-5,6-dimethylbenzimidazole adenine dinucleotide) (37) . The enzyme responsible for cleaving ␣-DAD into AMP and ␣-ribazole-P has not been identified. The two routes of ␣-ribazole-P synthesis do not exclude each other. The argument for ␣-DAD being the preferred route in serovar Typhimurium is based on reports in the literature which show that NaMN is not present in sufficiently high amounts for the CobT enzyme to support AdoCbl synthesis (37) . Prokaryotes that have elevated levels of NaMN are probably making ␣-ribazole-P directly, not via the ␣-DAD route.
Our understanding of the pathways responsible for the synthesis of other lower-ligand bases found in different complete corrinoids (aka Cba's) is limited (44) .
THE LAST TWO STEPS OF THE AdoCbl BIOSYNTHETIC PATHWAY
The penultimate step of the AdoCbl biosynthetic pathway is catalyzed by the AdoCbl-5Ј-P (CobS) enzyme, an integral membrane protein (36, 38, 40) . This activity was also characterized in P. denitrificans, where this enzyme is known as CobV (14) . Until recently, it was unclear whether CobS catalyzed the last or penultimate step of the pathway. The results of in vitro studies did not unequivocally place this enzyme in the pathway (14, 38) . The answer to this question was obtained through phenotypic analyses of mutants defective in CobC phosphatase function (41) (Fig. 2) . These studies provided the needed in vivo support to the assignment of CobS as the penultimate step and CobC as the last step of the pathway (67) .
Archaea synthesize CobZ, a nonorthologous replacement of the bacterial CobC enzyme (68) , and as mentioned above, in some extremely thermophilic archaea, CobZ is fused to the CbiZ amidohydrolase enzyme (62, 63) . In other archaea (e.g., Halobacterium) the nonorthologous replacement for CobC has not been identified.
WHAT IS NEXT IN AdoCbl RESEARCH?
There are many open questions of interest regarding the late steps of the AdoCbl biosynthetic pathway. Chief among them are those concerning the locations of the AdoCbi-P synthase (CbiB) and AdoCbl-5Ј-P synthase (CobS) enzymes at the cell membrane. What physiological need is met at this location? Do the proteins involved in the nucleotide loop assembly path- 
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